The transmission characteristics of the electromagnetic wave are numerically investigated in two-dimensional compound plasmonic structures composed of two straight subwavelength metal-insulator-metal (MIM) waveguides and a ring resonator. The two straight MIM waveguides situate on both sides of the ring resonator, and the MIM waveguide of the outgoing side has a positional angular deviation relative to the MIM waveguide of the incoming side. The results show that the filtering performances of the asymmetric structures ( ̸ = 0 ∘ ) are greatly improved in comparison with the symmetric structure ( = 0 ∘ ). For most of the asymmetric structures, there is a transmission minimum at the slightly bigger wavelength than one at which the transmission peak appears for the symmetric structures, and there is still a transmission peak at the wavelength of the transmission peak of the symmetric structures. Moreover, the difference between the transmission peak and valley is increased, and the breadth of the transmission peak becomes narrow.
Introduction
Surface plasmon polaritons (SPPs) are p-polarized optical surface waves that propagate along a metal-dielectric interface with fields that peak at the interface and decay exponentially away into both sides [1] . However, the single metal-dielectric interface SPP, characterized by high attenuation and low confinement, limits the scope for applications. To date, one of the most practical ways of enhancing the SPP confinement is to use a metal-insulator-metal (MIM) subwavelength waveguide structure, along which a symmetrically coupled-SPP mode can propagate. This provides us an avenue to concentrate and channel light with subwavelength structures and develop practical nanophotonic devices for future information technologies. Thus, some novel plasmonic elements based on MIM waveguide structures have been proposed, such as bends and splitters [2] , Y-shaped combiners [3] , Mach-Zehnder interferometers [4, 5] , Bragg reflectors [6, 7] , directional couplers [8, 9] , and tooth-shaped plasmonic waveguide filters [10] .
Recently, Wang and his coworkers [11] have investigated two-dimensional (2D) compound plasmonic structures composed of two straight MIM waveguides with a ring resonator. Their result shows that some transmission resonance peaks appear at some specific wavelengths which meet the resonance conditions in the ring. However, the discussed compound structure in their work is symmetric; that is, both of the two MIM straight waveguides are located symmetrically at both sides of the ring resonator. This suggests that even if the resonance condition has not been satisfied, optical wave will still have not low transmission. Therefore, if the symmetrical distribution is broken, the properties of the optical transmission through this kind of asymmetric structure can present more novel features, and then the filtering performance will be greatly improved. In this work, we will mainly discuss the transmission characteristics of 2 Journal of Nanomaterials the asymmetric structure based on MIM plasmonic waveguides with a ring resonator. Figure 1 shows schematically a 2D subwavelength plasmonic waveguide filter composed of two straight MIM waveguides and a ring resonator. The two MIM waveguides situate on both sides of the ring resonator, and the MIM waveguide of the outgoing side (waveguide II) has a positional angular deviation relative to the MIM waveguide of the incoming side (waveguide I). All the widths of the slits in the two MIM waveguides and the width of the ring are = 50 nm. The radius of the ring is , which is the average of the inner radius and the outer radius , = ( + )/2. The medium of the the slits and the ring (white area) is assumed to be air whose relative permittivity is set to be 1. The metal (gray area) is chosen to be silver, whose frequency-dependent relative permittivity obeys the Drude model as ( ) = ∞ − 2 /( 2 + ). Here ∞ = 4.2 is the high-frequency bulk permittivity, = 1.346 × 10 16 rad/s is the bulk plasmon frequency, = 9.617 × 10 13 rad/s is the damping factor, and is the angular frequency of the incident electromagnetic radiation [12] .
Model and Method
The 2D finite-difference time-domain (FDTD) method [13] is employed to simulate and calculate the optical transmission through these gratings. In our simulation, the spatial mesh steps are set Δ = Δ = 5 nm and the time step is set Δ = Δ /2 ( is the velocity of light in the air), and the calculated region is truncated by using Mur boundary condition on all the boundaries. Only normally incident p-polarized waves are considered here, implying that the magnetic field ( ) is along the direction. Two power monitors are set at the locations Port-1 and Port-2, far from the ring 150 nm, to detect the incident and the transmission fields for calculating the incident power of in and the transmitted power of out , respectively. The transmittance is defined to be = out / in .
Simulation Results and Discussion
Firstly, we initialized the radius of the ring = 155 nm and studied the effect of the positional angular deviation on transmission spectrum of the structure. Figure 2 displays the calculated transmission spectra of the structure with different (0 ∘ , 30 ∘ , 45 ∘ , 60 ∘ , and 90 ∘ ) at the range from 400 nm to 1800 nm, respectively. In Figure 2 , one can find the following main features. First, the transmission spectra of the asymmetric structures ( ̸ = 0 ∘ ) are almost the symmetric structure ( = 0 ∘ ), and the transmittances of symmetrical structure are approximately maxima at all the wavelength range. Second, when = 0 ∘ , there are three transmission maxima corresponding to 457 nm, 665 nm, 1235 nm and two minima located at 523 nm and 861 nm. However, these transmission minima are still relatively high and greater than 0.5, even the difference between the transmission peak and valley is only about 0.4. Third, for the most of the asymmetric structures ( ̸ = 0 ∘ ), a transmission minimum appears at the slightly bigger wavelength than one at which the transmission peak appears for the symmetric structure ( = 0 ∘ ), and some of these transmission minima are almost reduced to zero. For example, the transmission minima are almost zero at wavelengths 488 nm and 697 nm for = 30 ∘ , 483 nm and 702 nm for = 45 ∘ , 478 nm and 1367 nm for = 60 ∘ , and 683 nm and 1332 nm for = 90 ∘ . Fourth, for the most of the asymmetric structures ( ̸ = 0 ∘ ), there is still a transmission peak at the peak wavelength of the symmetric structure ( = 0 ∘ ), but the transmittance becomes smaller. Here, it should be pointed out that the transmittance at wavelength about 1200 nm decreases gradually as the positional angular deviation increases from 0 ∘ to 90 ∘ . Finally, just because of the above two, when ̸ = 0 ∘ , the breadth of the transmission peak becomes narrow and the difference between the transmission peak and valley is increased apparently. For example, when = 45 ∘ , transmission maximum at wavelength 1206 nm is about 0.77, while the transmission minima at wavelengths 702 nm and 1367 nm are about 0.002 and 0.1, respectively, so the difference Journal of Nanomaterials 3 between the transmission peak and valley increases to about 0.7.
It is very clear that the transmission characteristics of these above MIM plasmonic waveguide structures with a ring resonator mainly depend on two kinds of factors: one is electromagnetic wave resonance effect of the ring cavity, and the other is the relative positions of two MIM waveguides I and II on both sides of the ring. It is known that the resonating wavelength of a ring resonator can be obtained theoretically by the following equation:
where eff is the effective index of the coupled-SPP mode in the ring, is vacuum wavelength of the incident wave, and N is mode number. Because the light channel in the ring can be approximated as arc-shaped MIM waveguide, for p-polarized case, eff can be approximately calculated by the following [14] :
Secondly, in order to show electromagnetic wave resonance effect of ring cavity, we calculated the electromagnetic field distribution of the three transmission maxima and two minima of the symmetric structure ( = 0 ∘ ). Figures 3(a) and 3(c) depict the contour profiles of fields | | for transmission maxima at 1235 nm and 665 nm, respectively. According to (1) and (2) , transmission maxima at wavelength 1235 nm and 665 nm correspond to the even order resonant mode of = 2 and 4, respectively. At the same time, joints between the ring cavity and two straight MIM waveguides are antinodes, and there is a higher magnetic field intensity in two straight MIM waveguides. It indicates that even-order waveguide resonances in the ring can lead to efficient coupling of the incident electromagnetic wave from MIM waveguide I through the ring cavity into MIM waveguide II. On the contrast, in Figures 3(b) and 3(d) , the magnetic field distributions of transmission minima at 861 nm and 523 nm in the ring also produced a typical standing wave pattern, but the resonant mode numbers inside the ring are odd, such as = 3 and 5. Because the MIM waveguide I and II symmetrically locate on both sides of the ring, the magnetic field distribution at joints of ring resonator with two straight MIM waveguide will be different: one is a node, and another is an antinode. Therefore, in such odd-order resonance condition, the incident electromagnetic wave from MIM waveguide I is strongly reflected back by the ring cavity, and the electromagnetic energy flow coupled into the ring cavity is relatively low. However, because the structure is symmetric, resulting in equivalent optical path in the ring, a certain optical transmission can be still maintained. Between the wavelength range of the maximum and minimum transmissions as the above mentioned, we can speculate that electromagnetic wave in the ring will not form a stable resonance (including even-order and odd-order resonance), and the optical transmission will vary between the maximum and minimum transmission.
Thirdly, we investigated the reason why there is a transmission minimum for most of the asymmetric structures ( ̸ = 0 ∘ ) at the slightly bigger peak wavelength than one at which the transmission peak appears for the symmetric structure ( = 0 ∘ ). In addition, we also calculated the electromagnetic field distribution corresponding to the transmission minima. Figures 4(a)-4(c) depict the field distributions of | | for the asymmetric structure with = 45 ∘ at the transmission minimum wavelengths 1367 nm, 702 nm, and 483 nm, respectively. In Figure 4 , one can find that the typical standing wave patterns formed in the ring and the antinode number inside the ring are even, which suggests that these wavelengths, respectively, correspond to the resonant modes for = 2, 4, and 6. However, the two straight MIM waveguides are asymmetric to the ring cavity, so the magnetic field distribution is different at the two joints. The joint with the waveguide I locates in the range of the magnetic antinode of standing wave in the ring resonator (not strictly on the location of the maximum of the magnetic intensity), so the magnetic field intensity at the joint is relatively strong. On the contrary, the magnetic field intensity at the joint with the waveguide II is weaker, just because the joint is the magnetic nodes of the standing wave. Therefore, only little electromagnetic wave of that joint can enter into the straight MIM waveguide II, resulting in a very low transmission. According to the relation between the positional deviation angle and the position of the magnetic nodes of the standing wave, it is not hard to forecast that the transmittance of the asymmetric structure with = 45 ∘ for the = 4 resonance mode could be close to zero, because the joint of the waveguide II and the ring may be locate at the magnetic nodes of the standing wave. Figures 2 and 4(b) can further confirm this point.
Fourthly, we also calculated the electromagnetic field distribution corresponding to the transmission maxima of the asymmetric structures ( ̸ = 0 ∘ ). Figures 5(a)-5(c) show the contour profiles of magnetic field intensity | | at wavelengths 1206 nm ( = 2 mode) for = 45 ∘ , 648 nm ( = 4 mode) for = 30 ∘ , and 457 nm ( = 6 mode) for = 90 ∘ , respectively. In these pictures, one can see that magnetic field distribution of these transmission maxima has the same characteristic that the magnetic field intensities in the joints of the ring cavity with two straight MIM waveguides are relatively strong. All the joints are nearby antinodes of standing wave in the ring, which indicates that more electromagnetic wave from straight MIM waveguide I can couple into the ring cavity and enter into the straight MIM waveguide II.
Finally, we studied the influence of the radius of the ring on the wavelengths of the resonant mode. Figure 6 shows the transmission spectra corresponding to the rings with radii = 135 nm, 155 nm, and 175 nm for the symmetric structure ( = 0 ∘ ), respectively. As shown in Figure 6 , the transmission peaks exhibit red shift as the radius increases. This result can be explained in terms of (1) and (2) . According to (2) , when and are fixed, eff changes little as increases in the considered wavelength region. Consequently, will increase as increases in terms of (1) . In addition, we also calculated the transmission spectra of the MIM plasmonic waveguide with a ring resonator of different radius for different . The result shows the transmission characteristic in these spectra is completely the same as that in Figure 2 . Therefore, if we change the ring cavity radius, the wavelength of the maximum and minimum transmission discussed above will vary with the change of the radius of the ring resonator. This means that we can filter any wavelength by setting the geometric parameters of the structure.
Summary
In conclusion, the transmission characteristics of the electromagnetic wave are investigated in two-dimensional compound plasmonic structures composed of two straight subwavelength MIM waveguides and a ring resonator by using FDTD method. The results show that the filtering Journal of Nanomaterials performances of the asymmetric structures (positional angular deviation ̸ = 0 ∘ ) are greatly improved in comparison with the symmetric structure ( = 0 ∘ ). For the most of the asymmetric structures, there is a transmission minimum at the slightly bigger wavelength than that at which the transmission peak appears for the symmetric structures, and there is still a transmission peak at the wavelength of the transmission peak of the symmetric structures. And then the difference between the transmission peak and valley is increased, the breadth of the transmission peak becomes narrow. For these transmission minima of the asymmetric structures, it is found that the parts of coupling the MIM waveguide of the outgoing side with the ring resonator locate at the magnetic nodes of the standing waves in the ring resonator.
